Experimental results are presented from vacuum-ultraviolet free-electron laser (FEL) operating in the self-amplified spontaneous emission (SASE) mode. The generation of ultrashort radiation pulses became possible due to specific tailoring of the bunch charge distribution. A complete characterization of the linear and nonlinear modes of the SASE FEL operation was performed. At saturation the FEL produces ultrashort pulses (30-100 fs FWHM) with a peak radiation power in the GW level and with full transverse coherence. The wavelength was tuned in the range of 95-105 nm.
Experimental results are presented from vacuum-ultraviolet free-electron laser (FEL) operating in the self-amplified spontaneous emission (SASE) mode. The generation of ultrashort radiation pulses became possible due to specific tailoring of the bunch charge distribution. A complete characterization of the linear and nonlinear modes of the SASE FEL operation was performed. At saturation the FEL produces ultrashort pulses (30-100 fs FWHM) with a peak radiation power in the GW level and with full transverse coherence. The wavelength was tuned in the range of 95-105 nm. Future progress in the synchrotron radiation studies is connected with the progress in development of fourth generation synchrotron radiation sources which is related to the progress of Self-Amplified Spontaneous emission Free-Electron Lasers (SASE FELs). The free electron laser at the TESLA Test Facility (TTF) at the Deutsches Elektronen-Synchrotron DESY [1] [2] [3] produces radiation during a single pass of electron beam through a long undulator [4 -6] . The amplification process in the SASE FEL develops from shot noise in the electron beam, and intense, coherent radiation is produced in a narrow band around the resonance wavelength. In the high-gain linear regime, the radiation power P͑z͒ grows exponentially with the distance z along the undulator [7 -9] : P͑z͒~exp͑z͞L g ͒, where L g is the power gain length. Since our first report on lasing [10] , the performance of the SASE FEL improved steadily. The radiation wavelength is continuously tunable in a wide range from 80 to 180 nm [11] , and recently saturation has been achieved [12] .
A detailed description of the experimental facility was presented in [10] [11] [12] . The main parameters for the FEL operation are compiled in Table I . The TTF FEL consists of a linear electron accelerator producing bunches with an energy up to 300 MeV and a 14.1 m long undulator section [13] . The injector is a laser-driven radio frequency (rf) gun [14] [15] [16] , followed by a superconducting cavity which [17] separated by a magnetic bunch compressor [18] . As a consequence of the fairly large bunch length in comparison with the rf wavelength of 23 cm, the particle distribution in the longitudinal phase space acquires an rf-induced curvature during the acceleration in the first module. Downstream of the bunch compressor, the charge distribution is strongly non-Gaussian with a narrow leading peak and a long tail (see Fig. 1 ). The estimated peak current of 1-1.5 kA is consistent with the peak current inferred from the analysis of the FEL radiation data (see below).
For a characterization of the FEL process, the energy of the radiation as well as its spectral characteristics, angular distribution, and statistical properties have been measured. Figure 2 presents the average energy in the radiation pulse as a function of the active undulator length, defined as the distance over which the electron beam and the photon beam overlap. The active length can be varied over a large range by generating suitable orbit displacements of the electron beam, making use of the steering dipole magnets mounted inside the undulator. The orbit kick produced by a steerer is sufficient to inhibit the FEL amplification process downstream of this dipole. The energy in the radiation pulse has been measured by means of a detector, located 12 m downstream of the undulator. It consists of a gold wire mesh scattering light onto a microchannel plate (MCP) [20] . The dynamic range of such a detector is about 7 orders of magnitude, thus overlapping the entire operating range of the SASE FEL intensities. An independent FIG. 1. Simulation of the longitudinal phase space distribution of the electrons (1) and the distribution of the current along the bunch (2) at the undulator entrance, taking into account the rf fields applied for acceleration, Coulomb space charge forces, and the coherent synchrotron radiation generated in the bunch compressor. The head of the bunch is on the right side. The total bunch charge is 3 nC. measurement of the radiation energy at saturation with a thermopile [21] differed from the MCP result by less than 50%. When the electron and the photon beam have no overlap along the whole undulator, the FEL interaction is suppressed and the detector shows the expected level of spontaneous emission of about 2.5 nJ (in 10 mm diameter aperture), collected from the full undulator length. By providing a good overlap of the two beams over an increasing length of the undulator, the FEL interaction is gradually switched on and the radiation energy rises exponentially until a plateau is reached at a level of 30 to 100 mJ, depending on the accelerator tuning. One can wonder that the measured gain (see Fig. 2 ) is about 10 4 which is less than that described in the literature (see, e.g., [9] ). This is due to experimental conditions. FEL gain is defined as a ratio of output power to the power of effective shot noise [19] , using parameters of Table I. signal [9] . The latter quantity is roughly a fraction of spontaneous radiation emitted by the electron beam at one gain length into the coherent angle. In our case, angular acceptance of the detector is 3 times larger than the coherent angle. Next, the detector always measures spontaneous radiation power emitted from the total undulator length. Finally, only 10% of the bunch charge produces coherent radiation (see Fig. 1 ). As a result, we come to the conclusion that a measured gain of 10 4 corresponds to the FEL gain of about 10 7 in terms of effective power of shot noise. Each point in Fig. 2 represents the average over 100 bunches. The radiation pulse energy fluctuates from bunch to bunch. The rms spread s is plotted in Fig. 2 versus the active undulator length. For a length z , 5 m, the rms fluctuation is on the order of 4% and mainly given by the radiation detector. When the FEL radiation exceeds the level of spontaneous emission, the rms energy spread increases rapidly to more than 60%. It is essential to realize that these fluctuations are inherent to the SASE process, and not due to unstable operation of the accelerator. During the experiment, we performed simultaneous measurements of individual bunch charges and offsets at the undulator entrance, the most critical beam parameters influencing the FEL process. In order to exclude machine fluctuations, we performed selection of the pulses having fluctuations of the charge less than 1% (rms) and orbit deviation less than 50 mm (rms). After such a data selection, the measured fluctuations of the radiation energy in the bunch are dominated by the statistical properties of the SASE FEL radiation originating from shot noise in the electron beam which causes fluctuations of the beam density, which are random in time and space. The number of longitudinal optical modes amplified by the FEL is thus a statistical quantity [22] . If the average of this number (denoted M in the following) is small, significant fluctuations of the output energy are to be expected. Finally, a sharp drop in the energy fluctuations is observed when the output power approaches the saturation level. This observation is a clear confirmation of the FEL saturation.
Spectral measurements are presented in Fig. 3 . Singleshot spectra were taken with a monochromator (0.2 nm resolution) equipped with an intensified CCD camera [21] . The bold curve represents the spectrum averaged over 100 bunches. Typical single-shot spectra consist of approximately two spikes corresponding to the value of M between 2 and 3 which is in agreement with fluctuation measurements in the high-gain linear regime, giving the value of M 2.5. Figure 4 shows the angular divergence of the FEL radiation, obtained by scanning a 0.5 mm aperture mounted in front of the detector.
The information contained in Figs. 2 and 3 is sufficient to determine the SASE FEL parameters. We start with an analysis of the measured power gain length and fluctuations of the energy in the radiation pulse (see Fig. 2 ). From the exponential part of the gain curve, the power gain length is determined to be L g 67 6 5 cm. For an FEL amplifier operating in the high-gain linear regime (i.e., the exponential growth region), a parameter with a direct physical interpretation can be derived from the rms energy fluctuation s: M 1͞s 2 represents the number of spikes (wave packets) in the radiation pulse. The present case yields M Ӎ 2.5 (see Fig. 2 ). This allows us to estimate the radiation pulse length as t rad Ӎ ML c ͞c where the cooperation length is L c Ӎ 2lL g ͞l u Ӎ 5 mm. Using these numbers, the duration of the radiation pulse is found to be about 50 fs, which implies that the FEL radiation is not generated by the whole electron bunch but only by its sharp leading peak.
The FWHM width of the averaged spectrum ͑Dv͒ FWHM is determined by the coherence length of the optical wave packets. Thus, its combination with the number of modes M provides an estimate of the radiation pulse length according to [9] t rad Ӎ 2M p p͑͞Dv͒ FWHM Ӎ 50 fs. The pulse length may be independently obtained from the typical width Dv of the spikes in the single-shot spectra, using the relation t rad Ӎ 2p͞Dv Ӎ 50 fs. It is well known that the relative FWHM spectral width, ͑Dv͞v͒ FWHM , corresponds approximately to 2r, where r is the FEL parameter [6] . From the averaged spectrum (see Fig. 3 r Ӎ 4 3 10 23 . From the radiation pulse energy E rad , the electron energy E , and the relation E rad Ӎ rIE t rad ͞e [9] , the peak current is found to be I Ӎ 1 kA, in good agreement with the bunch shape presented in Fig. 1 .
A thorough analysis of the SASE FEL process can be done only by numerical simulation. For this purpose, the three-dimensional, time-dependent FEL code FAST [19] has been used. The simulation of electron bunch formation (see Fig. 1 ) shows that only the narrow head of the bunch is capable of generating FEL radiation. In the FEL simulations, this "radiative part" of the bunch was approximated by a Gaussian. A parameter set for this part of the electron bunch leading to simulation results consistent with our measurements is given by a FWHM duration of 120 fs, peak current I Ӎ 1.3 kA, rms energy spread 100 keV, and rms normalized emittance e n Ӎ 6p mm ? mrad. The simulation results (calculated from 250 statistically independent runs) are included in the plots for comparison with the experimental results (see Figs. 2-4) . The good agreement between experimental data and simulation results allows us to determine the parameters of the FEL which are not directly accessible to measurement. First of all, this refers to the temporal structure of the radiation pulse (see Fig. 5 ). Simulations show that the computed FWHM pulse duration is about 50 fs, and the peak power is in the GW range. The spot size of the radiation beam is 250 mm (FWHM) and about similar to the diameter of the electron beam. Combining this with the measured angular divergence of about 260 mrad FWHM we conclude that, within the accuracy of the experiment, the FEL radiation has full transverse coherence.
Experimental observations and analysis presented in the paper are convincing to announce successful operation of a free electron laser producing femtosecond, coherent VUV radiation pulses at a GW level of peak power with a peak brilliance of about 2 3 10 28 photons͓͞sec ? mrad 2 ? mm 2 ? ͑0.1% bandwidth͔͒, which is by 8 orders of magnitude higher than that of state of the art third generation synchrotron radiation sources. 
